Glial cell line-derived neurotrophic factor (GDNF) has potent trophic effects on adult sensory neurons after nerve injury and is one of a family of proteins that includes neurturin, persephin, and artemin. Sensitivity to these factors is conferred by a receptor complex consisting of a ligand binding domain (GFR␣1-GFR␣4) and a signal transducing domain RET. We have investigated the normal expression of GDNF family receptor components within sensory neurons and the response to nerve injury.
Glial cell line-derived neurotrophic factor (GDNF) has potent trophic effects on adult sensory neurons after nerve injury and is one of a family of proteins that includes neurturin, persephin, and artemin. Sensitivity to these factors is conferred by a receptor complex consisting of a ligand binding domain (GFR␣1-GFR␣4) and a signal transducing domain RET. We have investigated the normal expression of GDNF family receptor components within sensory neurons and the response to nerve injury.
In normal rats, RET and GFR␣1 were expressed in a subpopulation of both small-and large-diameter afferents projecting through the sciatic nerve [60 and 40% of FluoroGold (FG)-labeled cells, respectively]. GFR␣2 and GFR␣3 were both expressed principally within small-diameter DRG cells (30 and 40% of FG-labeled cells, respectively). Two weeks after sciatic axotomy, the expression of GFR␣2 was markedly reduced (to 12% of sciatic afferents). In contrast, the proportion of sciatic afferents that expressed GFR␣1 increased (to 66% of sciatic afferents) so that virtually all large-diameter afferents expressed this receptor component, and the expression of GFR␣3 also increased (to 66% of sciatic afferents) so that almost all of the small-diameter afferents expressed this receptor component after axotomy. There was little change in RET expression.
The changes in the proportions of DRG cells expressing different receptor components were mirrored by alterations in the total RNA levels within the DRG. The changes in GFR␣1 and GFR␣2 expression after axotomy could be largely reversed by treatment with GDNF.
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Glial cell line-derived neurotrophic factor (GDN F) was the first described member of a novel family of trophic factors that also includes neurturin (N TN), persephin (PSP), and artemin (Lin et al., 1993; Kotzbauer et al., 1996; Milbrandt et al., 1998; Baloh et al., 1999) . In addition to effects in the C NS (Henderson et al., 1993) , GDN F, N TN, and artemin promote the in vitro survival of many peripheral neurons, including enteric, sympathetic, and sensory neurons (Buj-Bello et al., 1995; Ebendal et al., 1995; Trupp et al., 1995; Kotzbauer et al., 1996; Baloh et al., 1999) . PSP does not promote survival of these populations .
GDN F has important trophic effects on sensory neurons both during development and in the adult. Mice lacking GDNF show a significant reduction in the number of DRG neurons . GDN F can also prevent the death of axotomized neonatal sensory neurons in vivo (Matheson et al., 1997) . In the first two weeks after birth, a population of small-diameter nonpeptidergic DRG cells (identified by binding of the lectin IB4) lose their NGF sensitivity and become GDN F-sensitive (Bennett et al., 1996; Molliver et al., 1997) . These IB4-binding DRG cells remain profoundly sensitive to GDNF in adulthood. Many effects of nerve injury within these cells and within a subpopulation of large-diameter DRG cells can be reversed by administration of GDNF (Bennett et al., 1998; Munson and McMahon, 1997) .
Members of the GDNF family exert these dramatic effects via a multicomponent receptor complex consisting of RET, a tyrosine kinase receptor acting as a signal transducing domain, in combination with a member of the GFR␣ family of GPI-linked receptors (GFR␣1-GFR␣4) acting as ligand binding domains (Jing et al., 1996 (Jing et al., , 1997 Treanor et al., 1996; Baloh et al., 1997 Baloh et al., , 1998 Buj-Bello et al., 1997; Creedon et al., 1997; Klein et al., 1997; Naveilhan et al., 1997 Naveilhan et al., , 1998 Sanicola et al., 1997; Worby et al., 1998) . Either GFR␣1 or GFR␣2 in conjunction with RET can mediate GDNF or NTN signaling (Schuchardt et al., 1994; Moore et al., 1996; Pichel et al., 1996; Sanchez et al., 1996; Sanicola et al., 1997; Cacalano et al., 1998; Enomoto et al., 1998) , although GDNF is thought to bind preferentially to GFR␣1, and NTN to GFR␣2. Artemin is thought to signal preferentially via GFR␣3, although in a similar manner to GDNF and NTN alternative receptor interactions may also occur (Baloh et al., 1999) . PSP cannot signal via GFR␣1 or GFR␣2 but does bind to GFR␣4, a receptor currently identified only in chicken (Enokido et al., 1998) .
We have used labeled afferents that project through the sciatic nerve as a means of identifying a defined population of sensory neurons. This has been combined with in situ hybridization and quantitative analysis of mRNA to study GDNF family receptor component expression within normal and injured sensory neurons. The response to treatment with exogenous GDNF after nerve injury has also been investigated.
MATERIALS AND METHODS
Animal surger y and FluoroGold labeling. Adult male Wistar rats weighing 200 -250 gm were used in all experiments. The sciatic nerve was labeled in a number of different experimental groups of animals. In a control group (n ϭ 5), there was no manipulation of the sciatic nerve before the labeling procedure. In another group of animals, the sciatic nerve was exposed under pentobarbitone anesthesia (40 mg / kg, i.p., with sterile precautions) 13 d before labeling and was ligated and cut 20 mm distal to the obturator tendon; this was combined with an intrathecal inf usion. Intrathecal cannulae were implanted as described previously (Bennett et al., 1998) . A small laminectomy was performed between the T7 and T8 vertebrae, and the dura was cut. A SIL ASTIC tube with an external diameter of 0.6 mm was then passed intrathecally so that its tip lay over the lumbar enlargement of the spinal cord. The other end of this tube was connected to a mini-osmotic pump (Alzet; Alza, Palo Alto, CA). The pumps were filled with rat serum albumin (1 mg /ml in saline; n ϭ 4) or this vehicle in combination with rhGDN F (12 g /d; n ϭ 4). This dose of GDN F was chosen because we have demonstrated previously that this has maximal effects on sensory neurons after nerve injury (Bennett et al., 1998) . Another group of animals (n ϭ 6) underwent 2 week axotomy but did not receive an intrathecal inf usion and were used for RNA quantitation (described below).
To label afferents projecting through the sciatic nerve of normal and previously axotomized animals, the nerve was re-exposed at the level of the midthigh using sterile precautions and under pentobarbitone anesthesia (40 mg / kg, i.p.). The nerve was injected with 4 l of 4% FluoroGold (FG) (in distilled water; Fluorochrome Inc., Engelwood, C O) using a glass micropipette glued to a Hamilton syringe. The animals were allowed to recover (which in all cases was uneventf ul) for 20 -24 hr to allow retrograde transport of FG. There was also another group of animals that did not undergo the sciatic labeling procedure (n ϭ 4).
After the appropriate recovery period, experimental animals were deeply anesthetized with pentobarbitone (60 mg / kg, i.p.) and then perf used transcardially with 250 ml of cold saline, followed by 500 ml of cold, freshly prepared 4% paraformaldehyde. The L4 and L5 DRGs were removed, as well as the L3-L6 segments of spinal cord. Tissues were post-fixed in 4% paraformaldehyde for 2 hr, after which they were transferred to a solution of 15% sucrose that also contained diethyl pyrocarbonate (1 ml / l) to inhibit the action of RNases. Tissue was then processed as described below.
In situ hybridization. Cryostat sections of ganglia were cut at a thickness of 15 m. Sections of DRG were cut serially onto slides so that each slide contained an ordered series of sections throughout the ganglia at a separation of at least 120 m between sections. A series of consecutive slides were hybridized against different probes so that sections for each receptor component represented a systematic random sampling through the DRG. Control and experimental tissue was processed simultaneously to try and ensure consistency. Sections were processed for in situ hybridization by a method described previously (Phillips et al., 1990) .
33 P-UTPlabeled RNA probes were generated as described previously (Melton et al., 1984) . Sense and antisense probes were synthesized using T7 RNA polymerase. Probes were generated corresponding to the following areas of published sequences: for GFR␣1, the probe was between bases 309 and 795 of GenBank accession number U59486; for GFR␣2, the probe was between bases 660 and 1344 of GenBank accession number U97143; and for GFR␣3, a probe to the mouse sequence was used between bases 543 and 868 of GenBank accession number AF020305. For RET, expressed sequence tags (ESTs) corresponding to rat RET (GenBank accession numbers U22513 and U22514) were aligned with the mouse sequence (GenBank accession number X67812), and primers were designed to amplif y a rat RET probe using the PCR and an embryonic rat brain cDNA as template. The final probe corresponds to bases 141-427 of the mouse sequence (base 13 of GenBank accession number U22414 to base 326 of accession number U22513).
Combined N52 immunostaining with GFR␣1 in situ hybridization was performed as described previously (Bennett et al., 1998) . This was performed on animals in which the normal (n ϭ 4) or axotomized (n ϭ 4) sciatic nerve had been labeled previously with FG as described earlier.
Sections were incubated 40 -48 hr at room temperature with N52 monoclonal antibody to phosphorylated heav y chain neurofilament (1:400; Sigma, St. L ouis, MO) diluted in diethylpyrocarbonate (DEPC)-treated PBS containing 0.2% Triton X-100, 0.1% sodium azide, 0.5 mM dithiothreitol, and 100 U/ml RNasin (Promega, Madison, W I). Sections were washed in DEPC PBS and incubated for 4 hr in tetramethyl rhodamine isothiocyanate-conjugated secondary antibodies (1:200; Jackson ImmunoResearch, West Grove, PA). After f urther washes in DEPC PBS, sections were processed through prehybidization steps, hybridized to 35 S-dATP end-labeled oligonucleotides, and washed as described previously. Slides were dipped in autoradiographic emulsion (Amersham, Arlington Heights, IL) and developed after 4 -6 weeks. After coverslipping with PBS glycerol (1:3 containing 2.5% 1,4-diazobicyclo-(2,2,2)-octane), fluorescent labeling and silver grains were visualized using epifluorescence microscopy combined with either epipolarized illumination or dark-field illumination. The oligonucleotide used for the GFR␣1 probe was complementary to nucleotides 996 -1029 of the rat GFR␣1 sequence.
IB4 staining. Cryostat sections of L4 -L5 spinal cord were cut at a thickness of 20 m, and every fifth section was mounted serially onto slides. Sections were then stained for I B4 (10 g /ml, biotinylated Griffonia Simplicifolicia I B4 lectin; Sigma); the secondary reagent used was E xtrAvidin-FI TC (1:100, for I B4 localization; Sigma). I B4 was diluted in a buffer of PBS containing 0.1 mM CaCl 2 , 0.1 mM MgC l 2 , and 0.1 mM MnC l 2 . After incubation in the secondary reagent, sections were washed briefly in PBS and then mounted in PBS/glycerol (1:3) containing 2.5% 1,4 diazobicyclo-(2,2,2)-octane (antifading agent; Sigma).
mR NA quantitation. Messenger RNA encoding RET, GFR␣1, GFR␣2, GFR␣3, and glyceraldehyde phosphate dehydrogenase (GAPDH) were quantified by using the "TaqMan" technique (Heid et al., 1996) . This method allows real-time quantitation by monitoring fluorescence continuously during the PCR. RNA was prepared from rapidly dissected L4 -L5 DRG from rats treated identically to those used for in situ hybridization studies, except that FG was not injected and they were perf used with only saline. RNA was purified (RNeasy; Qiagen, Hilden, Germany), quantified by fluorescence with RiboGreen (Molecular Probes, Eugene, OR) and added to reaction mixes with primers and probes specific to the indicated messages shown in Table 1 . Primers and probes were designed from published sequences. For GFR␣3, there is no f ull cDNA published, and so primers and probes were designed from GenBank accession number AI179473, a rat EST that corresponds to the 3Ј region of GFR␣3. The C t was determined in duplicate for each sample, and the mean was compared with a standard curve of serially diluted RNA obtained from rat DRG dissected from all axial levels. Results are expressed as nanograms of standard RNA equivalent to the C t obtained. For all primer and probe sets, controls consisted of verification of a single reaction product of the correct molecular weight (as determined by PAGE) and no more than 1% of signal in samples that received no reverse transcriptase. No attempt was made to quantitate absolute levels of any of the messenger RNAs. RET  CATCGATGCGGGCACTG  CTGAGCTGCTCCCAGGAACT  TCCTCTACCTCAATCAGAGCCTGGACCA  GFR␣1  GCAGGGTCTGAGAATGAGATCC  TCAGCTTCTGAGCCTGCAAA  CACACACGTTTTACCACCCTGTGCGA  GFR␣2  GGCAGATTTCCACGCCAA  GTAGTTGTCCGCAGGACAGCT  TGTCGAGCCTCCTACCGGACAATCA  GFR␣3  TCATGTCTGCCAGGCCATC  ATGGAGACAGTGCTAGGAGTTAAGC  ACTCAAAGGCTTTTAGCTCTTCTTGCCCAA  GAPDH CAGTGGCAAAGTGGAGATTGT AATTTGCCGTGAGTGGAGTC CCATCAACGACCCCTTCATTGACCTC All are listed 5Ј to 3Ј; probes are phosphorylated on the 3Ј end and derivatized with FAM on the 3Ј end and TAMARA on the 5Ј end.
Data anal ysis.
Initial experiments demonstrated that significant fading of FG occurred after the in situ hybridization procedure, and this phenomenon was apparent particularly in large-diameter neurons. Furthermore, the dense deposition of silver grains over some cells obscured visualization of the fluorescent marker. Therefore, before hybridization, FG-labeled sections of DRG were photographed using 10ϫ magnification and fluorescence illumination. After hybridization, the appropriate portions of each section were identified, and images were captured directly off the microscope using a Grundig FA87 digital camera with integrating frame store. This was done using both fluorescence illumination to demonstrate the morphology of the ganglion (and N52 immunostaining) and dark-field illumination to reveal the hybridization signal. These images could be directly compared with the prehybridization image showing FG-labeled profiles. Individual FG-labeled profiles were outlined, and hence cell profile area and diameter were calculated. Compared with the posthybridization images, FG-labeled profiles positively stained for the relevant marker were identified. Profiles that had silver grains over the cell cytoplasm at least five times background were counted as positive. This process was performed on four randomly selected DRG sections for each marker in each animal. The beginning slide of each series was selected with a random number generator. All the FG-labeled profiles were drawn in each section, and thus there was an unbiased sampling of cells from each animal. An average of 500 profiles were drawn for each marker in each animal.
Because large DRG neurons are sectioned into more profiles than small ones during histological preparation (and some of these are smaller than the true diameter of the neuron), an accurate estimation of the proportion of positively marked neurons and their size distribution requires a correction of the raw data derived from observing cell profiles. The method of recursive translation (Rose and Rohrlich, 1987 ) was used to convert sizes and numbers of FG-stained profiles into estimates of cell diameters and counts. This method does make the assumption that neurons are spherical, although, in practice, it does not seem to be very sensitive to this assumption. The FG-labeled profiles that were positive or negative for a particular probe were drawn separately to calculate profile areas, and these were then computer analyzed by the program of Rose and Rohrlich (1987) to reveal an estimation of the size distribution from which the profiles derived. The overall percentage of positively labeled neurons and the size distribution of positively and negatively labeled neurons could then be calculated, and these were used for all analyses.
To determine overall hybridization intensity in different experimental groups, grain density was estimated over sections of DRG as described previously (McMahon et al., 1994) . Images of DRG sections were viewed with dark-field illumination and were captured directly from the microscope using 5ϫ magnification as described above. The image was then thresholded to a set level to reveal the labeling. Boxes (each 2500 m 2 ) were then placed over the section, and the area occupied by silver grains Figure 1 . Dark-field photomicrographs of sections of L4 -L5 DRG after hybridization with probes for RET ( A), GFR␣1 (B), GFR␣2 (C), GFR␣3 (D), or a sense strand control probe ( E). Scale bar, 50 m.
within the box was calculated. All the sections used for a particular comparison were analyzed in one session using constant illumination. Four randomly selected sections were analyzed for each probe in each animal.
RESULTS

The expression of GDNF family receptor components in normal uninjured sensory neurons
In sections of normal L4 -L5 DRG, GFR␣1 and RET were expressed in subpopulations of both small-and large-diameter DRG cells, whereas the expression of GFR␣2 and GFR␣3 was restricted primarily to small-diameter DRG cells (Fig. 1) . There appeared to be greater background labeling over white matter tracts when using the GFR␣1 probe compared with other probes, and this may be attributable to the fact that this receptor is known to be expressed in glial cells, as well as neurons (Trupp et al., 1997) . No labeling was apparent when sense probes for GFR␣1, GFR␣2, GFR␣3, or RET were used (Fig. 1) .
To study GDN F receptor component expression in an identified population of DRG neurons, in situ hybridization was performed on DRG tissue after labeling of the sciatic nerve with FG. Injection of the sciatic nerve with FG resulted in robust labeling of DRG cell bodies within L4 -L5 ganglia 24 hr later (Fig. 2 A) . Several hundred FG-labeled cells were present within each DRG section. Labeled cells were observed only in the relevant ganglia (L4 and L5 ganglia ipsilateral to the label). The prehybridization photographs of the FG image could be readily matched with posthybridization dark-field images (Fig. 2) so that retrogradely identified cells could easily be scored for the presence or absence of hybridization signal. We quantified the in situ hybridization signal over sections to confirm that the labeling procedure that we used did not itself alter GDN F family receptor component expression within sensory neurons. We found no significant difference for any of the receptors in silver grain density over sections labeled with FG compared with the contralateral unlabeled side (the ratio of grain density measured in arbitrary units for the labeled vs unlabeled normal sections was 0.98, 1.06, 0.9, and 0.87 for GFR␣1, GFR␣2, GFR␣3, and RET respectively; p Ͼ 0.1; unpaired t test).
DRG cells in L4 -L5 projecting through the sciatic nerve, identified by retrograde transport of FG, were hybridized with probes for GFR␣1, GFR␣2, GFR␣3, and RET. GFR␣1 was expressed in 42% of sciatic afferents and was expressed by DRG neurons of both large and small cell diameter (Figs. 3A, 4) . GFR␣2 was expressed by 32% of sciatic afferents, being found selectively within small-diameter DRG neurons (Figs. 3B, 4) . GFR␣3 was expressed in 42% of sciatic afferents, again present principally within small-diameter DRG cells (Fig. 4) . RET was expressed in 60% of sciatic afferents, similarly to GFR␣1 by DRG neurons of both large and small cell diameter (Fig. 4) 
The expression of GDNF family receptor components within injured sensory neurons and after treatment with exogenous GDNF
To study the effects of nerve injury on GDNF family receptor component expression, the sciatic nerve was labeled in a group of animals 2 weeks after axotomy. There was a significant decline in the mean cell diameter of FG-labeled sciatic afferents after axotomy compared with normal unaxotomized afferents ( p Ͻ 0.05; Kolmogorov-Smirnov; data not shown). It is for this reason that we used the method of recursive translation (Rose and Rohrlich, 1987) to provide an estimate of cell numbers and to try to reduce the bias caused by alterations in cell size after axotomy.
As measured by in situ hybridization, dramatic changes occurred in the expression of GDNF family receptor components within sensory neurons after axotomy. The expression of GFR␣1 increased markedly after nerve injury such that GFR␣1 was expressed by 66% of sciatic afferents after axotomy (Figs. 3C, 4,  5 ). This increased expression occurred principally in large- diameter DRG cells, and it should be noted that there was still a significant population of small-diameter DRG cells that did not express GFR␣1 after axotomy. To confirm the increased expression of GFR␣1 in large-diameter DRG cells after axotomy, we combined FG labeling of the sciatic nerve with immunostaining for phosphorylated neurofilament heavy chain (a marker for large-diameter DRG cells) and in situ hybridization for GFR␣1. The proportion of sciatic afferents that expressed N52 and Figure 3 . Dual-color images showing FG labeling of DRG cells projecting through the sciatic nerve before hybridization (red) and silver grain deposition ( green) after hybridization using probes for GFR␣1 (A, C, E) or GFR␣2 (B, D, F ). Yellow indicates regions in which silver grains are deposited over FG-labeled cells. A subpopulation of sciatic afferents express GFR␣1 (A) and GFR␣2 (B) normally. After axotomy, the proportion of sciatic afferents that express GFR␣1 increases ( C), whereas the proportion that express GFR␣2 declines ( D). Administration of GDN F after axotomy can partially reverse the increased expression of GFR␣1 (E) and can restore the expression of GFR␣2 to normal ( F). Scale bar, 50 m.
GFR␣1 increased from 43 Ϯ 5% in control animals to 80 Ϯ 2% in axotomized animals (Fig. 6 ). This increase was highly significant ( p Ͻ 0.001; unpaired t test).
In contrast to GFR␣1, the expression of GFR␣2 was reduced 2 weeks after axotomy so that only 12% of sciatic afferents expressed this receptor component (Figs. 3D, 4, 5) . Like GFR␣1, the expression of GFR␣3 significantly increased after axotomy so that 66% of sciatic afferents expressed this receptor component, but unlike GFR␣1, this increase occurred principally within small-diameter DRG cells. After axotomy, virtually all smalldiameter profiles express GFR␣3. The proportion of sciatic afferents that expressed RET increased a small but significant Figure 4 . Cell size distributions of all L4 -L5 sciatic afferents and of those expressing GFR␣1, GFR␣2, GFR␣3, or RET. Note that Total represents the combined cell size distribution of all the cells analyzed in each group. Distributions are shown for the normal animal (n ϭ 5) and those that have undergone axotomy (n ϭ 4) or axotomy in combination with an intrathecal inf usion of GDNF at a dose of 12 g/d (n ϭ 4). Note that, in the normal L4 -L5 DRG, GFR␣1 and RET are expressed by neurons of both large and small cell diameter, whereas GFR␣2 and GFR␣3 are present principally within small-diameter cells. After axotomy, the expression of GFR␣1 and RET is upregulated, and the majority of large-diameter cells express these receptor components; axotomy also induces an upregulation in GFR␣3 expression, but this remains primarily confined to small-diameter cells. Provision of exogenous GDNF partially reverses the axotomy-induced changes in receptor distribution.
degree after nerve injury (72% of sciatic afferents expressed this receptor component after nerve injury) (Fig. 5) . This increased expression of RET occurred principally in large-diameter DRG cells (Fig. 4) .
The changes in numbers of cells expressing the GDNF receptor family components after axotomy were primarily mirrored by changes observed in the level of expression of the mRNAs encoding these proteins. The levels of GFR␣1 and GFR␣3 mRNAs increased 250 and 200%, respectively, after axotomy ( p Ͻ 0.05; Mann -Whitney rank sum test). There was a 40% reduction in GFR␣2 expression ( p Ͻ 0.05; Mann -Whitney rank sum test) at this time point (Fig. 7) . The changes seen with RET expression, however, did not parallel those seen when examined by counting the numbers of expressing cells. Although the number of cells expressing detectable RET increased after axotomy, the total amount of RET mRNA slightly, but significantly, decreased ( p Ͻ 0.05; Mann -Whitney rank sum test).
We investigated whether provision of intrathecal GDNF (12 g/d) could reverse the changes in GDN F-family receptor component expression after nerve injury. We have demonstrated previously that this dose of GDN F has powerf ul neuroprotective actions on I B4-binding small-diameter DRG cells after nerve injury (Bennett et al., 1998) and that this dose of GDNF has maximal effects in vivo. To ensure that the GDN F was effective in the animals that we used in this study, we stained for IB4 in the dorsal horn of the spinal cord of these animals. In the group of animals that underwent sciatic axotomy with no treatment, there was an almost complete loss of IB4 binding within the dorsal horn at the level of L4 -L5. In comparison, the animals treated with intrathecal GDNF had essentially normal IB4 binding within the dorsal horn (Fig. 8) . This indicates that the dose of GDNF used was having maximal effects by this outcome measure.
Treatment with GDNF could partially prevent the upregulation in the proportion of sciatic afferents that expressed GFR␣1 and GFR␣3 after axotomy, and this was a significant effect (Figs.  3E, 4, 5) . GDNF could also completely prevent the reduction in the proportion of sciatic afferents that expressed GFR␣2 after axotomy. The proportion of sciatic afferents that expressed this receptor component returned to normal after axotomy when animals were treated with GDNF (Figs. 3F, 4, 5) . GDNF, however, had no effect on the expression of RET within sensory neurons after axotomy (Figs. 4, 5) .
DISCUSSION
We found that GDNF family receptor components are expressed in distinct subsets of primary sensory neurons and that nerve injury results in their differential regulation. This results in increased expression of GFR␣1 and GFR␣3 and reduced expression of GFR␣2. These changes could be partially reversed by treatment with exogenous GDNF.
GDNF family receptor components are expressed by subpopulations of normal sciatic afferents
We have found that GFR␣1, GFR␣2, GFR␣3, and RET are expressed within 40, 30, 40, and 60% of sciatic afferents, respectively. These results agree closely with previous published findings on the expression of GFR␣1, GFR␣2, and RET within DRG cells (Molliver et al., 1997; Bennett et al., 1998) . We have used FG labeling as a means to identify those neurons that project through the sciatic nerve, allowing unambiguous identification of axotomized neurons. We do not think this technique has altered the baseline expression of the GDNF family receptor components for two reasons. First, there is close agreement between our own and previous findings on receptor expression in normal uninjured sensory neurons. Second, we have found no difference in overall silver grain intensity between sections of FG-labeled and unlabeled DRG cells.
We found that RET and GFR␣1 were expressed in a subpopulation of both small-and large-diameter DRG cells, whereas GFR␣2 and GFR␣3 were expressed selectively in small-diameter DRG cells. These cell size distributions are consistent with previous studies relating GDNF family receptor component expression to the different histochemical subpopulations of sensory neurons (Molliver et al., 1997; Bennett et al., 1998) . Virtually all nonpeptidergic (IB4-binding) small-diameter DRG cells express RET and many also coexpress GFR␣1 and/or GFR␣2. Few of the peptidergic (calcitonin gene-related peptide-expressing) smalldiameter DRG cells express these receptor components. A significant population of "large light" DRG cells also express RET and GFR␣1. The expression of GFR␣3 has not yet been related to these different subgroups.
There is differential regulation of GDNF family receptor components within sciatic afferents after axotomy After axotomy, there was a large increase in the proportion of sciatic afferents that expressed GFR␣1 (to 66% of labeled neurons), and total GFR␣1 RNA also increased markedly. Interestingly, the upregulation in GFR␣1 expression occurred principally in large-diameter DRG cells. Consistent with these findings, we Figure 5 . The percentage of FG-labeled cells in the L4 -L5 DRG that also express mRNA for the GDN F receptor family components GFR␣1, GFR␣2, GFR␣3, or RET. Values are shown (ϮSEM) for the normal animal (n ϭ 5) and those that have undergone axotomy (n ϭ 4) or axotomy in combination with an intrathecal inf usion of GDN F at a dose of 12 g/d (n ϭ 4). Axotomy induced a significant increase in the proportion of cells expressing message for GFR␣1, GFR␣3, or RET, and a significant decrease in those expressing GFR␣2 (*p Ͻ 0.05, significant difference from normal values; T ukey post hoc analysis; one-way ANOVA). The infusion of GDN F partially prevented these changes; the upregulation of GFR␣1 and GFR␣3 was partly reversed, whereas the level of GFR␣2 expression returned to normal (#p Ͻ 0.05, significant difference between values in the axotomy and axotomy plus GDN F animals; Tukey post hoc analysis; one-way ANOVA). Intrathecal GDN F had no effect on the proportion of FG cells expressing RET after axotomy.
found that the proportion of GFR␣1-positive N52 labeled cells (a marker for large-diameter DRG cells) also increased. There is clearly a population of small-diameter DRG cells that do not express GFR␣1 after axotomy. One previous study has also described an increase in expression of GFR␣1 after axotomy (Kashiba et al., 1998) .
The expression of GFR␣3, although remaining restricted to small-diameter DRG cells, increased to 66% of labeled neurons, and this was also reflected in an increase in GFR␣3 RNA content. It is interesting to note that, after axotomy, the majority of the small-diameter profiles express detectable levels of GFR␣3 and that more of these small profiles express GFR␣3 than RET. It is unclear what this means for functional signal transduction. It has been shown that GFR␣ components can cooperate with RET when present in their soluble form (Yu et al., 1998) , but it is not know whether this system can function with its two receptor components expressed on two adjacent cells. In contrast to GFR␣1 and GFR␣3, the expression of GFR␣2 fell to 12% of labeled neurons after axotomy, and there was also a reduction in the total level of GFR␣2 RNA.
Changes in RET expression after axotomy were less clear, because we found a small increase in the proportion of neurons that expressed RET (principally in large-diameter DRG cells), with a small reduction in total RET RNA. Previous studies have demonstrated either an increase (Naveilhan et al., 1997; Bar et al., 1998) or no change (Kashiba et al., 1998) in RET expression by DRG cells after nerve injury. These inconsistencies are probably caused by methodological differences (Swett et al., 1991) . It is important to note that, when studying changes in GDNF receptor component expression, we have examined changes in RNA levels, and we do not as yet know how these reflect alterations in protein levels.
One interesting question concerns the signal that leads to these changes in expression. One possible source of signal would be the decreased availability of GDNF family ligands caused by separation from the periphery. After nerve injury, there is an increased expression of GDNF and GFR␣1 in the distal nerve (Naveilhan et al., 1997; Trupp et al., 1997) . This increased expression of GDNF in the distal nerve, however, may be insufficient to compensate for the lack of GDNF from peripheral targets. It is possible that alterations in availability of other members of the . RNA levels of RET, GFR␣1-3, and GAPDH measured using the TaqMan technique in normal and axotomized L4 -L5 DRGs. Axotomy resulted in a significant increase in GFR␣1 and GFR␣3 expression and a significant reduction in GFR␣2 expression. There was also a small but significant reduction in RET RNA levels after axotomy. *p Ͻ 0.05, comparing normal with axotomized; Mann -Whitney rank sum test.
GDNF family might be responsible for the observed changes in receptor expression.
We have begun to examine this hypothesis by determining whether exogenous GDN F can reverse any of these postaxotomy changes. We found that GDN F treatment does, in fact, modulate the expression of its own receptor components. Treatment with GDNF could partially prevent the upregulation in the expression of GFR␣1 and could completely prevent the downregulation in GFR␣2 expression. In contrast, GDNF had no effect on the expression of RET. Interestingly, it had a small but significant effect in reducing the upregulation in GFR␣3 expression that normally occurs after axotomy. These results are consistent with lack of GDNF being responsible for at least some of the observed changes accompanying axotomy.
Functional implications of the alterations in GDNF family receptor component expression
RET and GFR␣1 are thought to be the principal mediators of GDNF action in vivo. The increased expression GFR␣1 after axotomy therefore implies that the proportion of sensory neurons that are GDNF-sensitive will increase after nerve injury. In particular, large-diameter DRG cells are likely to become more GDNF-sensitive; indeed, GDNF has been shown previously to partially reverse the conduction velocity slowing that occurs in large-diameter DRG cells after axotomy (Munson and McMahon, 1997) . Increased expression of RET and GFR␣1 have also been described in motoneurons and hippocampal neurons after nerve injury (Colucci-D'Amato et al., 1996; Nakamura et al., 1996; Naveilhan et al., 1997; Trupp et al., 1997) .
A receptor complex consisting of RET and GFR␣2 is thought to mediate the actions of NTN. The marked reduction in GFR␣2 expression in sensory neurons implies therefore, a reduced sensitivity of injured sensory neurons to NTN. It has been demonstrated recently that artemin, a novel member of the GDNF ligand family, can signal via GFR␣3. Our results would therefore suggest that artemin may have important trophic actions on small-diameter DRG cells, particularly after nerve injury.
The other major finding from this study was that GDNF can modulate the expression of its own receptor components after axotomy. There is a precedent for this in that the neurotrophins (NGF and NT-3) have been demonstrated to reverse the changes that occur in their respective receptors after nerve injury (Verge et al., 1992 (Verge et al., , 1996 ). There appears therefore to be complex feedback mechanisms whereby trophic factors can regulate the expression of their receptors.
The coexpression of GDNF family receptor components by sensory neurons adds a high level of complexity to this signaling system. In the normal DRG, there is a high level of coexpression between the ligand binding domain GFR␣1 and the signal transducing domain RET (Molliver et al., 1997; Bennett et al., 1998) . There is also a degree of coexpression of different ligand binding domains, such as GFR␣1 and GFR␣2, within sensory neurons (for instance, approximately one-third of IB4-binding DRG cells coexpress these receptor components). We do not yet know how these patterns of coexpression change after nerve injury.
Interestingly, not only did GDNF partially prevent the upregulation of GFR␣1 after axotomy, but it could also prevent the downregulation of GFR␣2. GDNF can signal via GFR␣2 in vitro ; however, it is still unclear as to what extent GDNF acts via GFR␣2 in sensory neurons in vivo. Results from gene deletion experiments indicate that it can act via GFR␣2 during development (Cacalano et al., 1998; Enomoto et al., 1998) . GDNF could also partially prevent the upregulation of GFR␣3 after axotomy. GDNF may be exerting its action on GFR␣3 via signaling through GFR␣1 or GFR␣2 in neurons that coexpress these receptor components. However, there is some evidence that GDNF can bind to GFR␣3 in vitro, although with somewhat Figure 8 . IB4 labeling within the dorsal horn of the spinal cord in a normal animal ( A), an animal that has undergone sciatic axotomy ( B), and an animal that has undergone sciatic axotomy combined with intrathecal treatment with GDN F (C; 12 g/d). Axotomy results in a marked reduction in IB4 binding within the dorsal horn ( B), which can be prevented by treatment with GDN F ( C). Scale bar, 100 m.
lower affinity than to GFR␣1 or GFR␣2 (Trupp et al., 1998) . GDNF may also be exerting its effects on receptor expression indirectly, for instance, via paracrine effects within the DRG.
Damaged sensory neurons are likely to become more sensitive to GDN F and artemin and less sensitive to N TN. Treatment with these ligands may also alter the expression of their receptors within sensory neurons, leading to complex interactions. For instance, the fact that exogenous GDN F can increase the expression of GFR␣2 after axotomy indicates that GDN F may increase the efficacy of N TN on sensory neurons in this condition. Changes in the expression of GDN F family receptor components after nerve injury may be of clinical relevance if these molecules are to be used therapeutically in the treatment of peripheral neuropathy.
